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Silicon carbide has gain much attention in recent years as the best material for the 
application in harsh environment condition. This is due to their excellent properties 
such as good wear resistance with high hardness and strength at elevated temperature. 
In this study, the sintered specimen of silicon carbide with sintering additives of four 
different composition were fabricated using powder metallurgy method. Physical 
properties were measured by means of bulk density and apparent porosity whereas the 
mechanical property was measured in term of hardness. From this study, it can be 
observed that the silicon carbide was sintered to about 92% of its theoretical density 
by using alumina and yttria as sintering additives. This finding was due to eutectic 
liquid formed between alumina and yttria at sintering temperature of 1930C. The 
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1.1   Background of Study 
Silicon carbide (SiC) was discovered in year 1890 by the assistant to Thomas Edison, 
Edward G. Acheson. It was when during an experiment on the synthesis of diamonds, 
he actually discovered the new material by accident. Acheson firstly thought the new 
material was a compound made of carbon and alumina, which then leading him to 
name it carborundum. Silicon carbide occurs naturally in meteorites, although very 
seldom and in very small amounts. The material is composed of atoms from carbon 
and silicon which is bonded with strong chemical bonds in the crystal lattice. This 
results in a very hard and strong material. 
During the early days, the ceramics used as conventional industrial materials consisted 
of mainly alumina and other oxides. However, there have been strong demands in 
recent years for the use of ceramics to replace materials such as metals and alloys in 
application for harsh environments. Consequently, new ceramics such as carbides and 
other covalently bonded materials have received high attention due to their unique 
characteristics. 
It is known that silicon carbide has outstanding mechanical properties including high 
strength, stiffness, good resistance to wear and corrosion. Besides that, its high 
thermal conductivity and low thermal expansion gives this material exceptional 
thermal shock resistant qualities. All these characteristics mentioned makes this 






1.2   Problem Statement 
SiC have become the first choice for many high temperature applications due to their 
outstanding mechanical and physical properties. Compared with other compound, SiC 
is provided with the characteristics like high hardness and strength at elevated 
temperature. However, the material can be very difficult to produce without the use 
of sintering aids. This is mainly due to the strong bonds which exists between carbon 
and silicon atoms in the crystal lattice. Without the use of any aids, the sintering 
process need to achieve high sintering temperature around 2000 to 2300 ˚C for the 
process to be completed. This is not very convenience as it is very difficult to reach 
the required temperature. With the use of sintering aids such as boron oxides and 
aluminium oxides, sintering temperature can be lowered down to below 2000 ˚C 
point. The purpose of this study is therefore to investigate the influence of aluminium 
oxide, Al2O3 and yttrium oxide, Y2O3 at eutectic composition on the microstructure 
characteristics and also the physical and mechanical properties of sintered silicon 
carbide. 
 
1.3   Objective and Scope of Study 
The main objectives of this project are: 
1. To investigate the physical and mechanical properties of sintered silicon carbide 
specimen.  
2. To analyse the microstructure of the sintered silicon carbide specimen.  
SiC particles can be synthesized by using powder metallurgy method which consist 
the steps such as blending, compacting and sintering. Parameters such as compact 
pressure, sintering time and temperature used were constant for every specimen 
produced. In this experiment, specimen are produced through the combination of SiC 
powders, aluminium oxide, Al2O3 and yttrium oxide, Y2O3. The effect of four 
different sintering additives composition on the specimen were then investigated 
through density measurement, hardness testing and microstructure analysis. 
Standardized testing methods which has been developed acted as the main reference 
when experiments was conducted. Figure 1.1 summarized the project methodology 












































2.1   Overview of Silicon Carbide 
Silicon Carbide, is a compound which composed of silicon and carbon with chemical 
formula of Si-C. According to Huebner (2009), SiC consists of one atom of silicon 
bonded to another one atom of carbon which combined together and produces strong 
bond that is extremely stable in various range of temperatures and chemical 
environments. It also has other desirable properties such as a high hardness and high 
modulus of elasticity. Prochazka et. al (1978) suggests that chemical and physical 
properties found in silicon carbide make the compound as excellent material for high 
temperature applications. These properties include good oxidation and corrosion 
resistance, good heat transfer coefficients, low expansion coefficient, high thermal 
shock resistance and high strength at elevated temperature. However, as a ceramic 
material, SiC can be classified as quite brittle and has less mechanical strength than 
that of other metal carbide. Besides that, it is also can be susceptible to chipping and 
fracture when provided with large mechanical stress or shock (Fluid Sealing 
Association, 2006). Among other disadvantages is that the material is quite difficult 
to be manufactured in any required shapes for component design (Huebner, 2009). 
In terms of high temperature wear application, silicon carbide has been available for 
more than 30 years ago. One of the example is the use of SiC as the main material for 
mechanical seal. Mechanical seal, as defined by Huebner (2009), are a type of device 
which are used to prevent and eliminate leakage of process fluid in equipment such as 
pumps and mixers. Overall, the use of a good mechanical seal can helped in improving 





2.2   Powder Metallurgy 
Huang et. al. (2002) emphasize that SiC is very difficult to be densified without the 
use of suitable additives and external pressure. This is mainly due to the covalent 
nature of silicon-carbon (SI-C) bonding and its low self-diffusion coefficient. There 
are many types of sintering aids available, and each of them has their own advantages 
and disadvantages. The main reasons for using such aids is to help reducing sintering 
time and temperature (Carlson, 2013). Among popular sintering aids to obtain a dense 
SiC is oxides such as Al2O3 and Y2O3. Liquid-phase sintering (LPS), with oxide 
additives, was first experimented in 1982 by Omori and Takei. They showed that β-
silicon carbide could be densified by sintering at the temperature of 2100˚C, using 
yttrium and aluminium hydroxide. It was observed that the additives in later stage 
reacted with each other and formed oxides subsequently facilitated the densification 
process via liquid-phase sintering. The liquid phase which is formed between the 
reactants enable low temperature sintering, and can also help to improve the 
microstructure of the material during the sintering or heat treatment (Jong-Kook et. 
al., 2002).  
In addition to that, Prochazka et. al. (1978) suggests that besides the use of sintering 
aids, very fine SiC powders can also help to allow densification occurred at the lowest 
possible temperature. The grain type of silicon powders used also can help to refine 
specimen’s microstructures in order to obtain desirable mechanical properties. They 
also conclude that sintering process usually takes about 10 to 60 minutes before 
completed. They pointed out that sintering time however could not provide any 
significant impact to the outcome. It is known that during hot pressing process, the 
atmosphere use must be inert to the mixture. Hence, any oxidizing atmospheres such 
as air cannot be used since they tend to convert the compound into silica by oxidation 
process. Such examples of inert atmospheres include argon, helium, and nitrogen 
gaseous. 
From an experiment done by Ihle et. al. (2004), they produced SiC with a composition 
of 50 % by weight of α-Si-C and 50 % by weight of additives. The additives use 
consisted of 64.4 % by weight of Al2O3 and 35.6 % by weight of Y2O3. The samples 
were then formed into discs with a thickness of 5 millimetres and a diameter of 25 
millimetres. The actual molar composition recorded of the sintered SiC from the 
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experiment were 15.8 mol of Si-C, 4 mol of Al2O3, 1 mol Y2O3 and 1 mol of argon. 
On the other hand, the composition of additives use was 4:1 mol ratio of Al2O3 and 
Y2O3 respectively. 
 
2.3   Experimental Works  
For the result part, indentation tests were conducted to calculate the hardness of the 
sintered silicon carbide. Hardness can be define by the resistance of metal to plastic 
deformation. Besides determining the hardness of the material, the indentation results 
can used to calculate fracture toughness (Carlson, 2013). Vickers test are mentioned 
in literatures as simple to use when compared with other alternative hardness tests. 
This is because the required calculations are independent of the size of the indenter in 
Vickers. Besides that, the indenter can also be used for all materials regardless of its 
hardness.  
The density of the final specimen were measured using Archimedes’ method. This 
method of measuring density is consider by many as more accurate than any other 
density measurement. Water is use as the main medium, where it disperse to fill the 
open porosity available in the material. The final measured density therefore only 
include the solid material and any closed porosity. However, the degree of water 


















3.1   Research Methodology 
To achieve the objective of this study, every steps taken were checked carefully and 
thoroughly in order to ensure the smoothness of flow of this project. It is very 
important to minimize any errors which could later provide obstacle to achieve the 
proposed objectives. For this study, journals from scholars and paper works from 
academician were the main reference to understand the features and characteristics of 
SiC. Then, experimentations are carried out to investigate the physical and mechanical 
properties of the sintered material as well as its microstructure feature. Figure 2 below, 
shows the workflow for research methodology: 
 
FIGURE 3.1: Research Methodology flow chart. 
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3.2   Activities and Key Milestones (FYP I) 
TABLE 3.1: Final Year Project I Gantt Chart. 
No Details Week 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 Selection of Project Topic                             
2 First meeting with Supervisor               
3 Preliminary Research Work                             
4 Preparation of Extended 
Proposal 
-Background of study 
-Problem Statement 




                            
5 Submission of Extended 
Proposal 
                            
6 Proposal Defence                             
7 Project work continues                             
8 Preparation of Interim Report 
-Abstract 
- Background of study 
-Problem Statement 





              
9 Submission of Interim Draft  
Report 
                            
10 Submission of Interim Report                             
 














3.3 Activities and Key Milestones (FYP II) 
TABLE 3.2: Final Year Project II Gantt chart. 
No Details Week 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
1 Project work continues 
- Develop specimen through 
powder metallurgy 
                             
2 Submission of Progress 
Report 
               
3 Project work continues 
- Microstructure Analysis 
- Density Measurement 
- Vickers Hardness 
                             
4 Pre-SEDEX 
 
                             
5 Submission of Draft Final 
Report 
                             
6 Submission of Dissertation 
(Soft-bound) 
                             
7 Submission of Technical 
Paper 
                             
8 Viva Presentation 
 
               
9 Submission of Project 
Dissertation (Hard-bound) 
                             
 

















3.4   Powder Metallurgy 
Test specimen were produced from starting powder of original powder of -SiC. The 
powder were then blended with sintering additives of Al2O3 and Y2O3. Four different 
composition of SiC and sintering additives were sintered. Table 3.3 below 
summarized the starting composition of the samples produced. 
TABLE 3.3: Starting composition of the samples. 
Sample 
Composition (wt. %) 
SiC Additives 
1 95 5 
2 90 10 
3 85 15 
4 75 25 
 
The samples formed into discs shape with a thickness of 10 millimetres and a diameter 
of 20 millimetres. Maximum compact pressure were used in compaction process with 
force of 147 kN. Conventional solid-state sintering were completed in high 
temperature furnace in flowing argon at 1 bar. All samples were sintered at 1930˚C 
with dwell time of 1 hour. 
 
3.5   Sample Preparation 
   3.5.1   Sectioning 
The most common device used in sectioning is by using the abrasive cut-off machine. 
Abrasive sectioning was performed in wet condition where sufficient flow of coolant 
was directed into the cutting section. Wet cutting can help to produce a smooth surface 
finish as well as preventing excessive surface damage on the sample. The sectioning 
of the sample was done using Buehler Delta Abrasimet 2145 Manual Chop Cutter as 
shown in Figure 3.2 below. It was ensured that the samples were clamped tightly 





FIGURE 3.2: Buehler Delta Abrasimet 2145 Manual Chop Cutter. 
   3.5.2   Mounting 
The primary purpose of mounting specimens is for convenience in handling of 
handling of difficult shapes and sizes of samples. Besides that, mounting can also 
provide protection and preservation of edges or surface defects during materials 
preparation. The samples were mounted using hot mounting method where 
thermosetting polymeric powder was used. The powder was placed in a mold with the 
specimen and suitable heat and pressure was applied. The mounting process is done 
was using Buehler SimpliMet 1000 Automatic Mounting Presses as shown in Figure 
3.3. 
 





  3.5.3   Grinding 
Grinding process was completed in order to minimize thickness of damaged layer 
from the sectioning process earlier. Similar with sectioning process, all grinding steps 
should be performed wet with water as lubricant in order to minimize sample heating. 
The initial abrasive size use was to establish a flat sample surface and to remove the 
damaged layer from cutting. Each following abrasive sizes then help to remove the 
damage from the previous step. The grades of grinding abrasives used is 180, 320, 
and 600 grit (grains per square inch). The flatness of the surface of the samples must 
be ensured throughout the grinding steps. 
  3.5.4   Polishing 
Polishing produced a deformation free surface that is flat, scratch free and also have 
mirror-like appearance. Such surfaces are very necessary in order to have the right 
interpretation of microstructure of the specimen. Both polishing and grinding were 
completed using Buehler Metaserv 2000 in Figure 3.4. 
 










3.5.4   Etching 
The main purpose of etching is to remove the final thin layer of deformation created 
from the earlier sample preparation processes. Each particular etchant will 
preferentially attack particular sites on the sample surface with the ‘highest energy’, 
leading to various features able to be distinguished for microstructure analysis later. 
Etching commonly refers to chemical etching, where a dilute chemical solution is used 
to selectively corrode certain microstructural feature on the samples. For SiC, the 
etchant used was Murakami’s Reagent which is suitable for carbides based material. 
The following Table 4 describes the preparation of Murakami’s Reagent. 
TABLE 3.4: Etchant preparation. 



















Pre-mix KOH and 
water before 
adding K3Fe(CN)6 
Cr and alloys 




Mo and alloys 
uses fresh and 
immerse; Ni-Cu 
alloys for alpha 
phases use at 75 
Celcius; W and 
















3.6   Hardness 
Micro indentation of the specimen was conducted through a series of five different 
measurements in compliance with ASTM C1327 in which stated that at least five 
acceptable indentations shall be made. The indentation and measurement of Vickers 
Hardness are displayed in Figure 6. All samples were indented with a load value of 1 
kgf (9.81 N) with a dwell time of 15 seconds. A series of indentations then must be 
made with increment of load until radial cracks are optically visible. At least two 
different crack length are needed before the fracture toughness of the material can be 
determined. The equation needed to find both hardness and fracture toughness are 
shown below. As silicon carbide is classified as among ceramics material, the hardness 
indentation test will be conducted by following the procedure given in ASTM C1327. 
Figure 3.5 shows the Vickers hardness indentation and measurement. Hardness test 
was conducted on the specimen using LECO LM 247 AT micro hardness tester as 
shown in Figure 3.6. 






                          Eq. 1 
 
       𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 ( 𝐾𝐼𝑐 ) = 𝑌𝜎√𝑐                           Eq. 2 
Where Y is geometric factor and c is the surface crack length. 
 
 





FIGURE 3.6: LECO LM 247 AT micro hardness tester. 
 
3.7   Density Measurement 
Density measurement of a material although it is not very significant, however, the 
correct measurement of density can help to provide the understanding of the relation 
between microstructure and mechanical properties. The density of the silicon carbide 
samples were assessed by using Archimedes method based on ASTM B962. The 
Archimedes method will be performed by drying the sample followed by the 
measurement of the dry weight. After that, the sample will submerged in deionized 
water and will be again weighed. Finally, the saturated sample will be removed from 
water and brushed with a cloth to remove surface water, and the saturation weight will 
be measured again. The pore volume, the geometric volume, and the percentage of 
porosity will be then calculated using equations which are as follows: 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠 =
𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑  − 𝑤𝑒𝑖𝑔ℎ𝑡𝑑𝑟𝑦
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑
       Eq. 3                                   
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 =  
𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 −𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑
       Eq. 4       
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑣𝑜𝑙𝑢𝑚𝑒𝑝𝑜𝑟𝑒𝑠
𝑣𝑜𝑙𝑢𝑚𝑒𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐




Derivation of the Archimedes’ Method, 
𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 =  ⍴𝐴𝑉𝐴            Eq. 6 
𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 =  ⍴𝐴𝑉𝐴 +  ⍴𝑤𝑎𝑡𝑒𝑟𝑉𝑝𝑜𝑟𝑒𝑠      Eq. 7 
𝑆𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 =  ⍴𝐴𝑉𝐴 − ⍴𝑤𝑎𝑡𝑒𝑟𝑉𝐴       Eq. 8 













=  𝑉𝑝𝑜𝑟𝑒𝑠       Eq. 10 
The density measurements through Archimedes’ Method were completed using 
Mettler Toledo density measurement kit as shown in Figure 3.7 below. 
 









3.8   Microstructure Analysis 
After the samples has been sintered, the final form of the densified SiC were examined 
through its microstructure characteristics. Phenom Pro X desktop scanning electron 
microscope (Figure 3.8) were used to obtained the microstructure images of sample 4. 
Apart from that, energy dispersive X-Ray Spectroscopy (EDS) were utilised to 
estimate element weight percent in the sample. Mapping analysis also were done by 
using EDS to observe the distribution of element of silicon, alumina, yttrium and 
oxides. In order to reveal the grain characteristic of the samples, etching were first 
carried out by immersing the sample with Murakami’s Reagent. 
 


















 RESULTS AND DISCUSSIONS 
 
4.1   Linear Shrinkage 
Table 4.1 shows the linear shrinkage percentage of all samples after sintering 
process have been completed at 1930˚C.  
TABLE 4.1: Linear Shrinkage at temperature 1930˚C 
Sample Additives (wt. %) Shrinkage (%) 
1 5 18.2 
2 10 18.8 
3 15 18.9 
4 25 19.0 
 
The results indicate that shrinkage for all samples at the same sintering 
temperature are within 18.2 to 19.2 %. Since the type and ratio of additives, sintering 
temperature, time and atmosphere were held constant during the sintering of the 
samples, hence, the major factor that affect the rate of shrinkage is the starting 
composition of additives in the mixture. The result obtained shows an increasing 
pattern of linear shrinkage with the starting composition of sintering additives in the 
mixture. The additives is inferred to diffused into the available pores in the sample 











4.2   Hardness 
The hardness values of each samples are listed in the following Table 4.2 and Figure 
4.1. All samples were able to be indented and produced acceptable diagonal 
impressions as describe in the ASTM C1327. However, all samples did not produce 
sufficient cracks with the maximum load value of 1 kgf force and thus, the fracture 
toughness values were unable to be calculated. 
TABLE 4.2: Vickers hardness result of samples with different additives composition. 
Sample Additives (wt.%) Hardness (GPa) 
1 5 24.7 
2 10 24.9 
3 15 25.1 
4 25 25.5 
 
 
FIGURE 4.1: Vickers hardness result of samples with different additives composition. 
Micro indentation results of Vickers Hardness for all samples with the oxide additives 
are quite similar as the value ranged from 24.7 to 25.5 GPa. Sample 4 with the highest 
content of additives of 25 wt. % has the highest hardness value of 25.5 GPa. The 
measured values were all lower than the published hardness of commercial SiC which 
is 27.5 GPa (2800 kg/mm2). This lack of hardness can be attributed to the factor such 























4.3    Density Measurement 
The Archimedes’ density and percent theoretical density for all four samples are 
listed in Table 4.3 and Figure 4.2 below. 
TABLE 4.3: Archimedes’ density of samples with different additives composition. 
Sample Additives (wt. %) Density (g/cm3) Theoretical Density (%) 
1 5 2.95 90.2 
2 10 3.01 90.6 
3 15 3.08 91.1 
4 25 3.19 91.7 
 
 
FIGURE 4.2: Archimedes’ density results of samples with different additives composition. 
As been expected, sample 4 with the highest additives content has the highest density 
value of 3.19 g/cm3 with 91.7 % TD while sample 1 with the lowest additives content 
yielded a density value of 2.95 g/cm3 with 90.2 % TD. The results can be explained 
through Figure 4.3 where it is observed that final density of the samples are very 
associated with the percentage of porosity formatted after sintering process has been 
completed. The higher the porosity percentage, hence can resulted in a lower density 
measurement. However, all density of the samples measured are slightly less than the 
published value of SiC density which is 3.21 g/cm3. It can be assumed that all samples 
have achieved high densification as all theoretical density percentage calculated are 

























FIGURE 4.3: Graph of density and percentage of porosity of all four samples 
 
4.5   Comparison of Density and Hardness 
 
FIGURE 4.4: Graph of density and hardness for all samples showing the correlation 
between microstructure and mechanical property. 
The graph in Figure 4.4 indicated that the lowest density sample also has the lowest 
hardness and vice versa. The composition of sintering additives used may have 
influenced the overall hardness of the sample together with its density. This can be 
explained as a more dense sample is usually more difficult to be indented and hence, 











































































4.5   Microstructure Analysis 
Electron micrographs for sample 4 were produced by using Scanning Electron 
Microscopy on the surface of the polished specimen. 
  
  (a)          (b) 
 
(c) 
FIGURE 4.5: Microstructures of sample 4 containing SiC particles with aluminium oxides 
and yttrium oxides as additives at sintering temperature of 1930˚C. (a) 1000x resolution. (b) 
3000x resolution. (c) 5000x resolution 
5 
 
Figure 4.5 shows SEM micrographs of polished surface of sample 4 after sintering in 
various resolution. From the micrograph Figure 4.5 (c), the arrangement and 
formation of pores on the sample surface can be clearly visible. The pores are seen as 
dark regions as there is no backscattering of electron occurred. The phase in grey are 
classified as the SiC while the light regions are consisted of the sintering additives, 
which are alumina and yttrium. Sintering additives are visible as almost white because 
it contains heavier atoms than SiC and hence, backscattering more electrons. From 
the microstructure obtained, it reveals that the specimen contain very dense SiC with 
evenly distributed sintering additives. EDS analysis were also conducted on the 
specimen, in which the two spots chosen are illustrated in the Figure 4.6 below. From 
the analysis, it confirmed that vital element such as silicon, aluminium, yttrium and 
oxygen are presence in the sample and its concentration are plotted in the following 
Figure 4.7 and 4.8. The mapping analysis of specimen 4 are presented in Figure 4.9 
where the distribution of elements in the sample can be observed. 
 
 






FIGURE 4.7: Elemental weight percent of spot 1 for specimen 4  
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  (d) 
 
 
FIGURE 4.9: (a) Mapping analysis of selected area of specimen 4 and distribution of 












 CONCLUSION AND RECOMMENDATION 
 
It was shown that SiC with combination of sintering additives were successfully 
densified through solid-state sintering at the temperature of 1930˚C. From the results 
of experimental works, it is observed that the sample with the highest additives content 
exhibited the highest density and hardness value compared to others. The highest 
density and hardness value obtained were 3.19 g/cm3 and 25.5 GPa respectively. It 
can also be concluded higher additives content could facilitate the densification rate 
during sintering process which will lead to higher mechanical and physical properties 
value of the produced sample.  
For future works, the author would like to suggest few recommendations in order to 
improve the study that has been conducted. The recommendations are as the following: 
1. The densification of specimen can be further improved by considering 
parameters such as starting powder size, sintering temperature, and type of 
sintering additives. 
2. The effect of different type of sintering additives on the physical and 
mechanical properties of the final specimen should be investigated. 
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